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Muonic data, on the other hand, determine one
integral quantity like the Parrett radial moment
<rks=ars of the nuclear charge distribution{l10), As
an example for Ni, 2=28, k=2,12 and 3:0,076 fm-!.
The precision of the muonic data is almost 5-10
times better compared with elastic electron scatte-
ring radii. To compare these results with optical
isotope shift data,one needs the radial moments
<rf>1/N with n=2,4,6. A combination of electron
scattering data with the muonic X-ray measurements
allows one to determine the even racial moments
with almost the came precision as the Barrctt ra-
dius. With the knowledge of these radial moments
from three isotcpes it is possible to extract the
two constants of the optical (sotope shift measure-
ments: the density of the electron at the nucleus
and the specific mass shift,

With an absolute calibration cf these two op-
tical constants, the absolute values of the RMS-ra-
dii of long chainrs of optical isctone smift measu-
rements from the off statility region are avail-
able: e.y. Hg, Ba, Rb, Cs a.s.0.

The results of these three methods can be in-
terpreted entirely un the basis of electromignetac
interaction and exhibit; therofore, the fullowing
advantages caist:

8) Since the electremagnetic interaction i
exactly bnow , an accurate cctermnation of
nuclear strusture prupertices 16 possidle,

b) Comparcd with the nuclerr forces the rlectro-
MAGNEtIC 1RteraltIon s wearer therefoare an
these experionts the grstoriion of the ny-
cler tu he mesured can bo acccunted for by
only small courvection teras,

The older muonic atom 4data and vlantic electron
scattering daty could b deserahin 4 good approse
IMAticn with & e fars= ter Ferma charqe istridy,-
tion, By atsuming g (ornlant surtaoe thac e sy gt
constant central dinnt,, the caanvetent radi of

& hﬁﬂ‘g.”p/“ﬂl’ Char el sphers det, 0 fres the

RMG radyy of the ol v Ferry gy tribhu®ring wore re-
presented Oy the tullowing A-deyongon

Reg * 117 AY3 L 00001 L pgiat! (1)

in guod agrecrent with the exgerieontnf(ll),

In the precent porer resgd®e e repe et d trgn
muonic Xeray ant ela g electron coarlerang reas
suretients an the rogran (a-Me The easerisent e
clearly show nystematie effect . at the shell stry:-
ture, whach wll b drnegssed,
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differ shigntly, from cach other due rainly to two
effects: the edrfforence in the masy (which cin by
accout ted for by the reduce ! rasn )l and the e of
the chiarge Crsteituty n ("Hield ottty The “taeld
shift" has been used tu deteriane ditfene.es an the
nuclear radn,
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The "fre)d shift” differenee for spherical
charge distribution grtteren, o So(v) v given by

AERT e (1) | vf“(r;-v:‘(r);dx. 12)

3

1s

where pr(r) and V

(r) are the potentials genera-
ted vy the 2p and

s bound muons, respectively.

To extract a "mcdel independent™ radius, the
procedure proposed by Barrett(10) nas been uscd.
Rarrett has shown that the potential dv ference in
eq. (3) can be approximated Ly

vaP_yls | peprker (3)
Y
which demonstrates that the quantity
ar®e T auso (r)rke o (4)

is mode]l independent within the experinental error,

The value of ¢ in this equation is different
for different transitions and also varies sivwiy as
a function of  for a given transition, The value
of a varies lincarly with Z and is usually hkept
fixed for all transitiont of one element (for ervam-
ple /92n: 1:0,079 fm-1, k=2.130).

\n equivalent radius = the “"Barrelt™ radius
R - can be defincd by equating this quantity with
the -orresponding quar. Uity of an unyfornly charged
sphere of radius Rp
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The data in thiy fapee are given withe,t errars
and are prelaminary, After a carcful analyary, tee
experies ntal ereur for By owil) be an the urder o
110 efm, wherdds the uroertainticeg dur %0 thoeore-
tical carrcctions (fer toe most part nucle s jotame
ation) as <L 1n=dfm Tie theoretizal errpr for
ragius ditferences redudes to 1el0- 3,
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For spherical, 1.0, nucler the nuclear form factor
18 given by
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where o stands for the momontym trans for

Q‘<{ﬁo/h()nvn g

A varvation of the rormentym tranefor g can be
achivved by variataen of cather the ynceming elece
trons L oor af tre scattering angle 8, Thas roeylis
in a vaV)at\nn ctothe wedrghting fctyon san (qr) r
for the charge st tion an the nuciear form
factor, The glectron seatteriry @sperirents ceyered
& ranae of . O bog 2ovemsl, weien allow one to
resolve structures of the nuclear charaen dastribes
tions 1n the order ot the protun dianeter,

The evaluatien of o nycloar ground state
charge dunsity from the scattering ¢ata has tuon
perforred by an alrevt modud ange; ehdent fetee 4



described in detail by B. Dreher et al.(9).

The 350 MeV cxjerimental electron scattering
setup of the Mainy University has the following
facilities:; In order to meosyre small charge dis-
tribution differences of isotcpes or ic<otones,the
targets are mounted on a wheel, which allows a fast
automatic target chang = This mathod reduces most
of the experimental uncertainties tuv below tne le-
vel of the statistical crror{is).

The intensity of the incident electiron beam
is monitored by a ferrite-transfarmeri15,1b) and a
Faraday-cup. At the sare time,a second fixed ancle
spectrometer nonitorsthe product of electron current
and targct thakness. The resulting accuracy for
charge distribution differences can be seen n
Fig. 12.

From the charge distribution detesmined by
elastic electron scattering, it 15 povsivle to de-
duce the ratio of trne RI'S-radiyus to tre Barrett-
ragius with a precision ceagaratie of that ot the
Barrctt-radius, meacured by ruohic X-rov oxpery-
menits. This 1s caured by the fact that the teo
radial rutents are qurte sarmlar, In this way 1t
18 possable 2o matract the radial memente frem
elastic electrun woattering ang muonic A=ray data
with alrost the sare §ec1a10n with wiich the
Barrett radiue 16 dncan, We will yse these proctse
radiai roments to calybrate tre optacal vsotode
shift data.
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The relative cuntribution of the higher radial
moments <rd>174 and <rt>1/6 is plotted in Fig. 2,
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5. Results, Systematics and Interpretation
of Differcnces of RMS Radii

- aim of this experimont has been to study
systematics of differences of RMS-radii for

.»otopes and isotones. Results for Fe, Ni, Cu and
In isotopes have been already puhliched{5,6).
These measurerients were extended tu the lt7/2 shell

nuclei(7). the nucler rear the closes Na50

shell

and the K56 subshell(f). The resuits are shown in
Fig. 4 where the differences in the RMS-radii of
isotopes from Ca to Mo for aN:=2 are plotted.
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reprecento by g Lanare with Y, ey
”QUH", biv St Yhe o iy
fn Lhe R™.
The resulty are plotted againset She Beutron Ly tors,

1wl Voo
=z
Sr e
Rb e
.4

|
]
o
=
Fi

3
waonwn
[} — -]

—

0

Kr o
Nre
Se o
(4

- . .- . -= \F'l

L - ol

o e o o T

b OB CHE UK

- ” [ ] 1

[ 4 - v

" " f'-‘.

(38 Y A

[ . { :n - ‘

- 'j ¢ ._{ s

“r ' '
I T TR N T R S

Lach vaptore ty
et nhepr AL e
gy 0t e (vt
LRC I I SN YRR YY PO PO U LA T N SRPR L

The radit diftterences b tueen pyeh foe? e

aN-?2  due ta the pracon core o tarisaton b, the
adderd tw neptrons,
shell efrecte (hiy, 4,

dicate shierg systeratig

4) The addition of e farst ta neygtrons, tn thy

Mo 0 matron anedl vog ooy o Soga on 330 0iay

Shim & ALrong 1nceegny of Ehe Py, TRR At Yy
!rﬂn After e clesed negtran srel) 0 batagen
Cle « Sdle or " o boie, Ty necgr g le
after N-LO o Y P A L AR R AR L R R TANTY
neutron pairs an Lhe dittorent shelln show, n

b

—

c)

d)

In

Fig.A results in an almost linear decrease in t-g
successive isotope shifts,

Furthermore, it is apparent that the isotope
shifts are independent of the proton <onfigu-
ration of the nucleus involved,le.q. the 5%Fe-S&e
and 60N1-5BN3 isotope shifts are identical witnin
the erxperimental uncertainties).ve find this be-
havious quite rerarkablc,particularly 1n the view
that the proton counfigu-ation of Ni is magic
1»28. At the end of the 1f7,75nell and :he lgg,2
shell ,one obscrves that the radius becoses
smaller uploan addition of two neutrons @.g.
4BCa-96Ca the RMS radius becores 20-10-3'm sralle:
The same can be seen for the Sr, Rb and }r-i1sctc-
pes. By adding four times in Sequence two neusirons
to fil) the lgg,,5nell,the RMS radius of “he Kr-
isotopes is becoming always smaller. In tre 2dg)
-ubshell o decrease of the radius by 8déing the
last two neutrons does not occur.

A sudden increase in the isotope shifts occurs at
N » 20,28,50 and 56.

At the beginning of a new neutron znell the 1nde-
pendunce of tre proten ¢ afiguraticrn 18 strenger
comparcd to the ¢nd of trne neutron snell,

the following fiqgures (5-9)
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Diffcrences in Aucelear Charge Radil
upon Addition of tiro Nervirons
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ferences of U KIS-radn, Tne P00 -related ters,
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usual incompressibile fluid rade! formulatiern, intro-
duces @ strong varatann an the preaictions for
differeat isatopes, The doviation see=y 10 b witnin
8 range of 15%:10-3fm, eacept fur the Ca-1culiis s,
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Here the Z-independence of the change i the
RMS-radii seems to be less pronounced compared to
the beginning of the neutron shell. The average
value for each element - as indicated at the left
side of Fiy. 10 - shows a systematic tendency that
the ARMS-radius becomes smaller with increasing 2.

5.2 Isotone shifts

The sequential addition of proton pairs after
Ca (2+20) and Ni (2:-28), shown in Fig. 1] results
in an almost linear decrease in the successive
isotone shifts.
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5.3 Comparison of isotone and isotcpe shifts and

core polarisation effects

Isotone shifts, in contrast to isotope shifts,
are dominated by tne charge of the addzd protons.
Thus, before isctope- and isotone-shift data can be
compared on an equivalent basis, the charge dis-
tribution of the added protons must first be con-
sidered. Elastic electron scattering experiments
-Fig. 12- have showr that the radial dependence of
do(r) between 1f7/7-shell isotores is well descri-
bed by lfy/g-shel< harmonic oscillator wave func-
tions. As a zeroth-order approximation, we there-
fore calculated a set of 1fjy/2-shell isotone shifts
considering only the charge distribution of the
added protons [n Fig. 15 *the experimental isotone
shifts are comnared with 3 harmonic oszillator shell
model calculation.
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The
actual isotone shafte decreace more rapidly with
increasing 2 than e calculation would suggest.

It is evidin® that the oftect of the added
nuclams un the proten core must be angcluded when
consrder ng vrthier 1o0tane or aLatepe shitty, In
the case of 10 oo wmifty, this "core palarisation”
f8 the only effc s et Hoc o ond vy (e
Fra.d)Tne difrercn o botwenn 1 peanyred 1notone
shifty and the coroahption ot the proton charge
should b the pret noprodaced core podartaatton,
(see Fig. 1Y T prcton enre polaryuatyon s posas
tiv in the faeet pade of the 1F oot sheld
and neaative an the wreed el The cove palara.
sation caused by the 2ddd teutronn, an secn oan
Fig.4, 1s an the average about tuwy times strongor
than the proten prduced core foalarisatyon, We wn-
clude that the prot o n- and neutron - cove palariyy-
tion reveal aalitatively a simitar behavicar an
the 1ty onhell,
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This may be called the "normal” odd-even staqaering
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5.3 Comparison of isotone and isotope shifts and
core polarisation effects

Isotone shifts, in contrast to isotope shifts,
are dominated by the charge of the added protons.
Thus, befor: isotope- and isotone-shift data can be
compared on an equivalent basis, the charge dis-
tribution of the added protons must first be con-
sidered. Elastic electron scattering experiments
-Fig. 12- have shown that the radial dependence of
sp(r) between 1f 42 -shell isotores is well descri-
bed by 1f7/2- she{ harmonic oscillator wave func-
tions. As a :reroth-order approximation, we there-
fore calculated a set of 1fy/2-shell isotone shifts
considering only the charge distribution of the
added protons In Fig. 15 the experimental isotone
shifts are connared with a harnonic oszillatnr shell
model calculation.
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The

actual isotene shifts drorease more rapidly with
tncreasing Z than the calculation would suyqust,

It is evident that the effect of the added
nuclams on the proton core must be includid when
considering erthor isetone or isotope smfts, In
the casc of isulcpe smitls, thiy
1s the only effocd Setuan oo ant ' oy (e
Fig.A)1he arf  once Letwien the medrured 1noteone
shifty and the cont=tating nt the proten charie
should be the proten peoticed core pelariaation,
(see Fig, 15).1hiy peeton core polarisation s posie-
tiv in the firet hadf of the 1y, o praton Wbl
and neqative an the second half, The core polara-
sation cauncd by the added peuteona, Qs weonhan
Fig.4, Is n the average aboy! twa times stronter
than the proton produced core polarisation, We con-
clude that the prot-n- and neutren - core polarisa-
tion reveal quahitatively 3 simlar behaviour in
the 1f7/pshkell.

5.4 Isotone and I+ tope odd-nven Ateguering

Arsund N-50 Fig.16 displays the cdd-even
staggering fer isntones and 1 ntu."<. The 1ncreare
of the RMy-radius due to the furst uapired nygeleon
fs smaller corpared Lo tve offo t of ine scond
pucleor, *hiy as Lhown tor eyt ot L ot -

“corn polarination”
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This may be called the "normal”™ odd-even stajsering
effect.Recehal and Sorernson predict smaller cofour-
mations for odd then for ecven 1sotopes, because
ground state correlatiens are blocked by the
unpaired ricleon{!5). Tne arrow 1n F1q9.16 'ndicates
the direction from cmaller to larger increase oi tre
R¥S-radius.In Fig.17.the isotepe cdd-cven stiqgiering
around N:24 shows for %-28 a "normal" effect. 'he
isotone effect is ' novra-' below 2:¢8.but for 2-23
the first proton (93Ca-t2Ni) yrelds almost the sare
increase of the KMS-radiut as the second prcoton
(642n-63Cy) in the nuw 2pa/p proten shell, The Ca
isotope shift in the first half of the 17,2 shell
is "norn1", wherecas 1n the second half ut the
117/4 shell tre Cy and ™ §h1f1< for the first
addud newtron (85{a-%3C3; *711.9871) 15 larser in
the anwunt of the drfference of the AME-ralius 7
garvd to the effect of the wecond negtron [BUIY-SRy,
871-87714). The "normal™ odd-even stetierirg eftell
in the first half of the M7 a neytror shell iy e
explained by tho angreasing cetursation ang the
"not normal™ effect 'n the second expininet 1, tre
decredsing defoarmation, The dntarls of this Le-
haviour, iovever, ne, not be casy to explnin,
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5.5. Differences of charge distributions and de-
formation effects

From the Fe, Ni and Zn charge distritutions
mncasured by elastic electron scattering one can
deduce the change in tha half-density radius ac
and the change in the nuclear shin thickness at.
The result in Fig. 18 shows that :c is almust con-
stant whereas :t is decreasing if the neutron shell
{s more and more filled with neutrons.
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This tendency 1% cnmpared an Fig. 19
with the quadrup-le deformition changes A2?, The
similar behavioyr of &t in respect to M7 is oh-
vious and supjorts the explanaticr of the isotope
shifts by quadrupole deformetionn, sec chapter 5.1,

A new electron scativring measure=ent of the
difference ot e ="La-<9Ca 1utoyes shows, =f19.2)-
that some charg- 15 shifted from the inner and outer
part of thv nucleus t the surface reqicn, This
complex structyre mav be the resson why the isotene
shifts in the Ca isutojes can nor only be explaned
by quadrupule geformiticns and that ecturule due-
formations have alsu to be considured.
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